INTRODUCTION
5¢ TAC CAA TAT AGT ACA GAA ACT G). PCR reaction was performed using the Multiplex PCR kit (Qiagen) with the initial denaturing cycle of 95°C (15 seconds) followed by 30 cycles of 94°C (30 seconds, denaturing), 60°C (30 seconds, annealing), and 72°C (30 seconds, extension); a final extension cycle of 72°C lasts for 10 minutes and is followed by a soak cycle (4°C) using a PTC-100 Thermocycler (M.J. Research Inc ., Massachusetts, (USA)). PCR fragments were loaded into a 2% agarose/ Tris base, boric acid, EDTA (TBE) gel with 0.008% ethidium bromide, and images were acquired using Kodak 1D Scientific Imaging Systems.
Light microscopy. Cells (6 × 10 4 ) were plated into glass cover slips in 24-well plates. After 24 hours, 10 6 trypomastigotes were added to cultures in fresh supplemented DMEM, and infection was followed as described above. After 72 hours of infection, cells were washed three times and fixed with glutaraldehyde for Giemsa staining. 18 Cover slips were digitally photographed using a Zeiss Axioplan microscope.
Microarray analysis. We used the protocol optimized in our laboratory 19 according to the standards of the Microarray Gene Expression Data Society. Briefly, 20 µg Trizol extracted total RNA from each culture dish was reverse transcribed in the presence of fluorescent Alexa Fluor 555-aha-dUTP (green fluorescent emission) or Alexa 647-aha-dUTP (red emission; Invitrogen) to label cDNAs. Differently labeled RNA samples from biological replicas of control (uninfected cells cultured for the same duration) or infected with one strain at a time were co-hybridized ("multiple yellow" strategy 20 ) overnight at 50°C with rat 27k oligonucleotide arrays printed by Duke University (full technical information available at http://www.ncbi.nlm .nih.gov/geo/query/acc.cgi?acc=GSE18175 ). All spots affected by local corruption, with saturated pixels, or with foreground fluorescence less than twice the background fluorescence (where noise may obscure the quantity) were removed from the analysis. The background subtracted signals were normalized iteratively, 19 alternating red/green, interblock, lowess and scale intraslide and interslide normalization until the fluctuation of the ratio between the spot median and the corresponding block median of valid spots became less than 5% between successive iteration steps. Normalized expression levels were organized into redundancy groups (each group composed of all spots probing the same gene) and were represented by the weighted average of the values of individual spots. The abundance of host cell transcripts was considered as significantly altered after infection if the absolute fold-change was greater than 1.5fold and the P value of the heteroscedastic t test (two-sample, unequal variance), applied to the means of the backgroundsubtracted normalized fluorescence values in the four biological replicas of the compared transcriptomes, was greater than 0.05. This composite criterion to identify the significantly altered gene expression minimizes the number of false hits without eliminating too many true hits. The 50% change cut-off (1.5-fold) was selected to be significantly larger than the overall less than 10% interslide technical noise determined for the bacterial controls.
Gene categories. GenMapp and MappFinder programs ( www.genmapp.org; Gladstone Institute, University of California, Figure 1 . Characterization of L 6 E 9 cell infection by four T. cruzi strains. Giemsa staining of L 6 E 9 cells after 72 hours of infection with ( A ) Y, ( B ) CL, ( C ) Brazil, and ( D ) Tulahuen strains of T. cruzi was performed. All strains studied successfully infected the myoblasts, and at 72 hours post infection (hpi) , it was possible to observe amastigote forms in the host cell's cytoplasm as shown in details in A inset. (Bars = 50 µm.) To confirm genetic background of the parasite stocks used for infection, genomic DNA from epimastigote forms was isolated and amplified with Multiplex PCR with primers derived from a hypervariable region of the T. cruzi mini exon. ( E ) The Y, CL, and Tulahuen strains had a PCR product of 250 bp, indicating that they belong to the T. cruzi (TC) II family, and the Brazil strain had a 200-bp product, indicating that it belongs to TC I family.
San Francisco, CA) were used to determine whether or not altered gene expressions differed significantly from chance for the overlapping functional and structural Gene Ontology (GO) categories.
RESULTS
Multiplex PCR was performed to confirm correspondence of the strains of T. cruzi used in this work to the phylogenetic classification as described in the literature. We verified that the Y, CL, and Tulahuen parasites displayed a 250-bp PCR product, indicating that they belong to the T. cruzi II (TC II) group. The Brazil strain, whose effects in host cells and animals have been characterized previously by our group, 15 , 21 belongs to the TC I group, because it displays a 200-bp PCR product ( Figure 1E ).
Data complying with the Minimum Information about Microarray Experiments (MIAME) were deposited in the National Center for Biotechnology Information (NCBI) database ( http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE 18175 ) as series GSE18175. In this experiment, we quan tified 6,289 distinct, well-annotated unigenes in all samples.
The impact of infection with each of the four strains of T. cruzi on the transcriptome changes of the same immortalized cell line was strikingly different ( Figure 2 ). Thus, as shown in Table 5 , there were only two (0.03%) genes significantly decreased, and 19 (0.3%) increased by all four T. cruzi strains. However, 4,340 (69%) genes were not significantly altered by any of the strains. The Venn diagrams in Figure 2 illustrate this observation by showing the number of genes equally increased ( Figure 2B ) or decreased ( Figure 2C ) by two, three, or all four strains of T. cruzi . Analysis of functional classes of genes modulated by the infection with different T. cruzi strains was performed with GenMapp software, and it revealed a very small number of gene functional categories with an abundance that was similarly affected by each pair of parasite strains ( Table 7 ) . Below, we describe in more detail the differences that were observed. Y strain. We observed that the Y strain altered expression of 426 (6%) of the 6,996 quantified host cell genes. Among these genes, 150 were decreased, and 276 were increased after 72 hours of infection. When we identified individual genes whose expression was altered exclusively by the Y strain, we found that 87 genes were increased, such as α-1-integrin (1.76fold), intercellular adhesion molecule (1.79-fold), presenilin 2 (3.81-fold), transforming growth-factor beta regulated gene (1.73-fold), and vascular cell-adhesion molecule 1 (1.91-fold). Sixty-five genes were decreased, such as cardiac Ca 2+ ATPase (−1.6-fold), cadherin (−2.88-fold), and Cyp26b1 (cytochrome P450, family 26, subfamily b, polypeptide 1; −2.83-fold) ( Table 1 ). The Y strain affected the expression of 11 gene categories including calcium and metal binding, regulation of transcription, and complexes of protein ( Table 7 ) .
CL strain. When the rat myoblasts were infected with the CL strain, we observed that 763 of 7,133 (11%) genes were significantly altered (53 decreased and 710 increased). The CL strain uniquely modulated the expression of 517 genes (494 were increased and 23 decreased), which corresponded to alterations in 14 gene categories including protein, intracellular protein, proton and ion transport, and ubiquitin cycle ( Table 7 ) . Some of the genes that the CL strain modulated were adenylate Figure 2 . Profiles of transcriptomic changes caused by each strain of T. cruzi in host cells. The percentage of genes modulated in L 6 E 9 cells by each T. cruzi strain is shown in A . Genes with fold-change value ³ 1.5 and P value £ 0.05 were quantified and plotted in this histogram, in which bars represent a percentage of the valid genes. Bars in white and black represent genes whose expression was decreased or increased exclusively by each strain, respectively. Bars in gray and light gray represent genes that were increased and decreased, respectively, and shared this modulation by at least two strains. The Venn diagrams represent the number of genes significantly (fold change ³ 1.5 and P value < 0.05) ( B ) increased and ( C ) decreased in common by all four strains, by three strains, by pairs of strains, and by individual strains of the parasite. The number of genes equally altered by CL + Y and Brazil + Tulahuen strains is indicated below the diagrams. Note the low number of genes altered in the same direction by all strains studied (19 increased and 2 decreased). cyclase 2 (1.56-fold), α-spectrin (1.7-fold), annexin A1 (1.7-fold), caspase 7 (1.76-fold), epsin 2 (1.97), glutamate receptor (3.38), matrix metallopeptidase (MMP) 3 (2.51-fold), and syntaxin (−1.56-fold) ( Table 2 ) .
Brazil strain. The Brazil strain induced significant alteration of 7.31% genes of L 6 E 9 by more than 1.5-fold. Among these 494 modulated genes, 117 were decreased, and 377 were increased. Some interesting genes that had their transcription altered by infection with the Brazil strain were cardiomyopathy associated gene (3.37-fold), MMP 1B (2.44-fold), mitogenactivated protein kinase 9 (2.12-fold), fibroblast growth factor (1.94-fold), desmin (1.63-fold), and tropomyosin 4 (−2.45-fold) ( Table 3 ). Ten functional categories of genes were highly modulated in L 6 E 9 by Brazil strain, including metallopeptidase activity, small GTPase-mediated signal transduction, and ubiquitin cycle ( Table 7 ) . Tulahuen strain. The Tulahuen strain of T. cruzi induced the highest percentage of altered gene expression in the myoblasts (17.35%) with 761 decreased genes and 383 increased genes, of which, 617 and 139, respectively, were uniquely observed in Tulahuen-infected dishes. Additionally, infection with this strain significantly modulated the expression of 18 gene categories, including cholesterol biosynthesis, immune response, lipid metabolism, and receptor activity ( Table 7 ) . Some relevant examples of host cell genes significantly modulated during infection were p-cadherin (4.64-fold), cardiac ankyrin repeat kinase (2.54-fold), chymotrypsinogen B (2.64fold), H2A histone family member Z (3.18-fold), interleukin 11 (1.68-fold), myotrophin (1.51-fold), caspase 9 (−1.75fold), cytochrome c oxidase, subunit Va (−1.61-fold), heavy and light chain dynein (−1.86-and −1.81-fold, respectively), farnesyltransferase (−1.65-fold), hypoxia-inducible factor 1α subunit (−1.51-fold), janus kinase 3 (−1.64-fold), matrix metallopeptidase 11 (−3.46-fold), and cardiac troponin T2 (−2.89-fold) ( Table 4 ).
Genes modulated equally by all T. cruzi strains as possible disease biomarkers. We observed that 13 (0.18%) host cell genes had the same pattern of significant modulation by all four strains of T. cruzi studied. These genes, thus, may represent disease biomarkers that could be useful in detecting the disease independent of the parasite strain. Only two (0.027%) were decreased, MMP-14 (−1.9-fold) and C1q and tumor necrosis factor-related protein 1 (−2.0-fold), and 11 (0.15%) increased, such as solute carrier family 1 (glutamate/neutral amino acid transporter; 1.9-fold), G protein-coupled receptor (2.1-fold), cardiotrophin-like cytokine factor 1 (2.13-fold), pericentriolar material 1 (3.22-fold), and DNA damage-inducible transcript 3 (4.37-fold). Table 5 shows the list of these thirteen genes and their modulation by each strain of the parasite. GenMapp analysis revealed that only nine gene categories were equally expressed by some pairs of strains such as receptor activity (Brazil and Tulahuen) and ubiquitin cycle (Brazil and CL) ( Table 7 ) .
Oppositely modulated genes. Surprisingly, our arrays revealed that some transcripts increased by one specific strain were decreased by another strain. Table 6 contains all the 24 genes that behaved in this manner. Some genes of interest were cytochrome P450, family 2, subfamily d, polypeptide 22 (3-fold by Brazil strain and −2.9-fold by Y strain), neuropathy target esterase-like 1 (2.1-fold by Y strain and −1.8-fold by CL strain), platelet-derived growth-factor receptor, β polypeptide (1.7-fold by CL strain and −1.6-fold by Tulahuen strain), protein kinase D2 (1.5-fold by Brazil strain and −1.6-fold by Y strain), and RNA polymerase 1-1 (1.6-fold by CL strain and −1.6-fold by Tulahuen strain). Correlations between infections with four strains. Our studies identifying individual genes that were significantly altered by the four strains of T. cruzi revealed a surprising diversity with only a few genes similarly changed by infection with all strains. However, because this analysis selects only individuals, it does not compare subtle global changes throughout the transcriptome. To compare global trancriptomic alteration patterns in L 6 E 9 cells infected by the four strains used in the current investigation, we compared the entire gene-array datasets obtained from the infection with each strain against each of the other strains. With Origin software (OriginLab, Northampton, MA), we plotted results of these pairs as log 2 values of their expression ratios. In all six of the comparisons of expression changes induced by infection with separate T. cruzi strains ( Figure 3 ), the regression coefficients (r 2 values) for these linear relations were highly significant, and P values in all cases were less than 0.0001. This finding indicates that although infection with each of the parasite strains leads to only partially overlapping alterations in the genes that are most affected, there is an overall similarity in the pattern of gene-expression alterations resulting from infection with all the strains.
DISCUSSION
Chagas disease represents a spectrum of pathogenesis, varying both in its severity and the organ systems afflicted. Although various host factors, such as competence to launch immune response, may account in part for differences in the pathogenesis of the disease, parasite strain is also an important variable, 6 resulting in differences in viability, infectivity, and tissue tropism. 7 -9 The present study was undertaken to evaluate the extent to which global gene-expression alteration was similarly altered after in vitro infection of a myoblast cell line with four distinct T. cruzi strains.
The microarray analyses described in this study were performed on the myoblast cell line L 6 E 9 during infection with four reference strains of T. cruzi , each with well-characterized rates of in vivo and in vitro infectivity, resistance to chemotherapy, and pathogenesis in vivo. We used the Y and CL strains as representatives of the TC II group of T. cruzi , known to be found in central and eastern Brazil, which is commonly associated with the "mega" syndromes (cardiomegaly, megacolon, and megaesophagous). 22 The Tulahuen strain was chosen to represent the TC I group, however, the Multiplex PCR performed with genomic DNA of parasites of this strain revealed that it was actually a strain belonging to the TC II family. The Brazil strain was selected, because it has been shown to cause a dilated cardiomyopathy associated with a reduction in fractional shortening and myocardial wall thinning in mice. 13 Genotyping revealed that the Brazil strain belongs to the TC I group, the predominant group in Venezuela and central Brazil, which is usually associated with electrocardiographic (ECG) abnormalities . 22 We have compared the datasets obtained from the microarray analyses in two ways, resulting in different but complementary conclusions regarding the pathogenesis of T. cruzi infection in vitro and perhaps, applicable to in vivo infection as well. First, through identification of the genes that had altered expression after infection, we identified a large number of gene expression changes in the infected cells, but only a very small number of these were common to infection with each parasite strain. We concluded from this analysis that each strain induces a particular fingerprint of pathology. One such fingerprint may include genes encoding cell-junction proteins, which was evidenced by our finding that both Tulahuen and Y strains down-regulated several cellular junction genes such as junction plakoglobin, junctional adhesion molecule 3, and adipocyte-specific adhesion molecule as well as cadherin 15 (Y strain). T. cruzi infection was also shown to alter adhesion molecules of the host such as connexin43 23 and cadherincatenin. 11 , 24 These findings highlight an evolving concept that many types of cardiomyopathy target expression or involve mutations in molecular components of the intercalated disk (see reference 25 for review and reference 26 for changes in sepsis). Thus, as pointed out in a recent review, 27 cardiomyopathies, including chronic chagasic cardiomyopathy, may be considered to be junctionopathies.
An additional conclusion from the small number of genes found to be commonly regulated in infections with all strains (e.g., cut-like 1, DNA-damage inducible transcript 3, proprotein convertase subtilisin/kexin type 7) may provide a subset of biomarkers that could be potentially useful for diagnosis of acute T. cruzi infection and possibly, also reliably determine both indeterminate phase and chronic disease.
The second type of analysis that we performed on the gene-expression datasets was to compare overall transcriptomic changes in myoblasts infected with each T. cruzi strain through regression analysis of relative expression levels of each gene. For this, we compared each of the six pair-wise combinations of parasite strains, in each case finding a highly significant positive slope. This analysis emphasizes the concept that although Chagas disease shows a spectrum of manifestations, it does indeed represent a syndrome of common phenotypic alterations. The shallow slopes of the regression lines indicate that the changes induced by the parasite strains, although similar, are on average very low in amplitude; this emphasizes again the potential utility of the few commonly altered biomarkers.
The significant alteration in few overlapping genes among myoblasts infected with all strains poses a formidable challenge to the development of disease biomarkers that can be used to detect disease endemic areas where endogenous infective strains differ, although the few genes that we have detected with strong and significant expression changes offer such a possibility. Nevertheless, the overall transcriptomic signature of the disease that is revealed in the strong correlations between subtle expression alteration of all genes may provide a source whereby additional biomarkers may be discovered as common principal components of the acute response.
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